Several amino acid analogues that are able to replace amino acid residues in binding positions of the biologically active C-terminal tetrapeptide amide sequence, Trp-Met-AspPheNHI2, of the gastrins were examined for their ability to inhibit the aminoacylation of tRNA in an Escherichia coli and rat liver system. Although in both systems the amino acid side chains are involved in the recognition process, the structural requirements of the side chain in the two systems are not comparable. Analogues of methionine and phenylalanine behaved similarly in the E. coli and rat liver systems, whereas analogues of tryptophan behaved differently. From the results it is possible to suggest structural features ofthe amino acid side chains which are required for recognition by the aminoacyl-tRNA synthetases.
Several amino acid analogues that are able to replace amino acid residues in binding positions of the biologically active C-terminal tetrapeptide amide sequence, Trp-Met-AspPheNHI2, of the gastrins were examined for their ability to inhibit the aminoacylation of tRNA in an Escherichia coli and rat liver system. Although in both systems the amino acid side chains are involved in the recognition process, the structural requirements of the side chain in the two systems are not comparable. Analogues of methionine and phenylalanine behaved similarly in the E. coli and rat liver systems, whereas analogues of tryptophan behaved differently. From the results it is possible to suggest structural features ofthe amino acid side chains which are required for recognition by the aminoacyl-tRNA synthetases.
In the last decade or so it has been shown that amino acid analogues are able to replace amino acids in enzymes and peptide hormones while the biological integrity of the molecule is maintained. One of the peptide hormones in which the effect of amino acid replacement by analogues on biological activity has been studied extensively is gastrin. Here the C-terminal tetrapeptide amide Trp-Met-Asp-PheNH2 contains all the biological activity of the whole molecule (Tracy & Gregory, 1964) . Morley and his co-workers (Morley, 1968 (Morley, , 1969 have shown that the tryptophan, methionine and phenylalanine residues can be replaced by a considerable number of amino acid analogues having altered side chains, but very little change can be made at the aspartic acid position if biological activity is to be retained. From these results it has been proposed that the tryptophan, methionine and phenylalanine residues are involved in 'binding' whereas the aspartic acid has a functional role (Morley, 1968) .
The mechanism of recognition between amino acids and their specific aminoacyl-tRNA synthetase, and between the aminoacyl-AMP-synthetase complex and tRNA, is not yet understood. Since the covalent bonds between the amino acid and the AMP-synthetase complex, and between the amino acid and its respective tRNA, are of the same nature for all amino acids, the recognition between the amino acid and its specific synthetase and possibly its specific tRNA must depend largely on the structure of the amino acid side chain. Similarly it has been proposed that it is the shape of the amino acid side chain that is important in the 'binding' positions of the gastrin C-terminal tetrapeptide. These side chains must fit the specific gastrin receptor site (Morley, 1968) .
It is known that certain amino acid analogues can be incorporated into proteins (Richmond, 1962) , and some of these analogues have been examined for their ability either to participate in the aminoacyltRNA synthetase-catalysed ATP/PP1 exchange reaction, or to aminoacylate tRNA.
In the present study we have sought to determine the effect of amino acid analogues, which can successfully replace 'binding' residues in the gastrin tetrapeptide, on the aminoacylation of tRNA from Escherichia coli and rat liver. The object of the study has been twofold: (1) to determine whether the sidechain features involved in recognition of the gastrin binding sites are in any way similar to those required for recognition of the aminoacyl-tRNA synthetase;
(2) to contribute to our understanding of the mechanism ofthe recognition between amino acids and their cognate synthetases. The present paper surveys our initial findings.
The recognition between the analogues and the aminoacyl-tRNA synthetases has been determined by measurement of the extent of inhibition of aminoacyl-tRNA formation with the natural amino acid by the analogue.
From the present results it has been possible to draw some conclusion as to the features in the amino acid side chain that are recognized by the synthetase, Zubay (1962) was a generous gift from Dr. S. Nishimura, National Cancer Centre Research Institute, Tokyo, Japan.
Rat liver tRNA was prepared by the method of Delihas & Staehelin (1966) . The livers were obtained from white rats bred in this Department and which originated from Carworth Europe CFHB strain.
A mixture of E. coli aminoacyl-tRNA synthetases was prepared by a method similar to that described by Nirenburg (1963 (Lowry et al., 1951) , and the nucleic acid content of each fraction by the u.v.-ratio method (Layne, 1957) . The crude synthetase solution was frozen by adding dropwise to a beaker containing liquid N2 and the frozen pellets were stored in liquid N2.
A mixture ofrat liver aminoacyl-tRNA synthetases was prepared as described by Nishimura & Weinstein (1969) . The enzyme solution was frozen and stored by the same method as that described for the E. coil preparation.
Assay ofamino acid-acceptor activity of tRNA The aminoacylation of tRNA was assayed by a modification of the method described by Hoskinson & Khorana (1965) . Optimal conditions for aminoacylation were as follows. The standard reaction mixture consisted of 25mM-Tris/HCl (pH7.5), 5mM-MgCl2, 0.SmM-EDTA and 25mM-ATP, and contained 0.05-0.2mg of tRNA, approx. 0.06mg of synthetase preparation from E. coli or 0.19mg of synthetase preparation from rat liver, and 0.05,pCi of a 14C-labelled amino acid in a total volume of 250jp1.
The reaction was initiated by the addition of enzyme and the reaction mixture was incubated at 37°C. At appropriate times samples were withdrawn from the reaction mixture and transferred to filterpaper discs (Whatman 3MM; 24mm diam.). When the filter-paper discs had completely absorbed the reaction-mixture sample (approx. 15 s), the discs were immersed in cold 5% (w/v) trichloroacetic acid for 15min. The discs were washed twice with fresh portions of cold 5% trichloroacetic acid, once with cold ethanol/ether (1:1, v/v) and finally once with cold ether, each for 15 min at 4°C. After drying in the air, the discs were placed in vials containing the scintillation medium and counted for radioactivity in a liquid-scintillation counter (Beckman model LS200).
To study the effect of an analogue on the extent of aminoacylation of tRNA by an amino acid, a series 1976 of seven standard reaction mixtures was set up, each containing 0.5 nmol of the '4C-labelled amino acid in a final volume of 250pl. Then 50p1 of a 0.1 M solution ofthe analogue was added to the first reaction mixture to give an analogue/amino acid molar ratio of 10000:1. Dilutions of the 0.1 M analogue solutions were added to another four of the reaction mixtures to give molar ratios of 1000:1, 100:1, 10:1 and 1:1. The sixth reaction mixture did not contain the analogue and the seventh reaction mixture was a blank containing no tRNA. At the same time as an analogue was being tested for its effect on the charging of a structurally related amino acid, it was also tested against an unrelated amino acid. This was done to rule out non-specific effects which the inhibitor, particularly at high concentration, might have on the aminoacylation reaction e.g. alteration of the ionic strength of the solution.
Results

Methionine analogues
Analogues that are able to replace methionine in the C-terminal gastrin tetrapeptide are ethionine, norleucine, S-ethylcysteine, norvaline, a-aminobutyric acid, S-methylcysteine and homocysteine. When any of the first three replace the methionine residue the tetrapeptide has full activity, whereas the latter four produce a tetrapeptide that is less active. These analogues were examined for their effect on the charging of tRNA from E. coli and rat liver with methionine, and in each case a homologous enzyme preparation was used. Table I shows that, in the E. coli system, ethionine and homocysteine are the most efficient inhibitors of methionyl-tRNA formation. At an analogue/amino acid molar ratio of 1000:1 L-ethionine and DL-homocysteine inhibit charging by 84 and 44% respectively and at 10000:1 by 99 and 91 % respectively. It should be remembered that the homocysteine is the DL-racemate, so that if only one of the isomers inhibits [D isomers are rarely able to esterify tRNA (Calendar & Berg, 1966) ] the ratio for L-homocysteine should in reality be half of the values shown, and, taking this into account, the inhibition becomes 58 and 99% at 1000:1 and 10000:1 ratios respectively.
Norleucine, norvaline and a-aminobutyric acid inhibit methionyl-tRNA formation to a lesser extent and only at the highest analogue/amino acid ratio. S-Methylcysteine and S-ethylcysteine, however, have no effect on the charging reaction.
For the analogues that inhibited the formation of methionyl-tRNA (ethionine, homocysteine, norvaline, norleucine and a-aminobutyric acid) a kinetic assay was performed in which, at analogue concentrations that gave substantial inhibition after 25min, the reaction was followed at incubation times of 30s to 60min. The results (Fig. 1) show that for all the analogues plateaux were reached. Although not shown, this type of experiment was also carried out with the analogues ofthe other amino acids and in the rat liver system. In all cases the kinetics showed a similar pattern. These results indicate that the analogues are inhibiting the extent of aminoacylation and not just the rate of aminoacylation. Table 2 shows the effect of ethionine and homocysteine on the aminoacylation of tRNA with other amino acids. Aspartic acid may be considered as a control, and the analogues have no effect on the charging of tRNA with this amino acid, and hence it can be concluded that the analogues, even at the highest concentration, do not inhibit the aminoacylation reaction non-specifically. The effect of these analogues on the charging of tRNA with leucine is interesting. Ethionine inhibits leucyl-tRNA formation at analogue/amino acid molar ratios of 1000: 1 (Tables 2-8 ) are all expressed as pmol of amino acid accepted by one E260 unit (measured in 1 ml, 1cm light-path cell at neutral pH) of mixed crude tRNA. The assays were performed as described in the Materials and Methods section. After 25min incubation, 200p1 ofthe 250,1 incubation mixture was transferred to two filterpaper discs pinned together, which were then immersed in cold 5% (w/v) Time (min) Fig. 1 . Effect ofanalogues on the kinetics offormation ofmethionyl-tRNA in an E. coli system The assay was performed as described in the Materials and Methods section. After appropriate incubation times, 50p1 of a 375#1 incubation mixture was added to a half filter-paper disc, which was then immersed in cold 5 % (w/v) trichloroacetic acid. Analogues present in the reaction mixture at the analogue/methionine molar ratios indicated are shown as follows:
oa-aniinobutyric acid (10000:1), A; ethionine (1000: 1), *; norvaline (10000:1), U; norleucine (5000: 1), 0; homocysteine (1000:1), El; control (no analogue), A. and 10000:1, the latter giving complete inhibition. DL-Homocysteine, however, has no effect at all on leucyl-tRNA formation. Therefore, whereas for methionine these analogues react in a similar manner, for the charging of tRNA with leucine they behave quite differently. This demonstrates the subtle recognition processes which occur during the aminoacylation reactions of tRNA.
In the rat liver system a very similar picture applies to that found in the E. coli system. At an analogue/ amino acid nmolar ratio of 1000:1, L-ethionine and DL-homocysteine both inhibit methionyl-tRNA formation by 50%, and at a ratio of 10000:1 by 90 and 94% respectively. Norleucine, norvaline and a-aminobutyric acid inhibit the methionyl-tRNA formation to a lesser extent at the higher analogue to amino acid ratio. S-Methylcysteine and S-ethylcysteine had no effect on the charging reaction.
As Table 3 shows, the effects of ethionine on the formation of leucyl-tRNA and aspartyl-tRNA in the rat liver system are similar to those observed for the E. coli system. However, whereas DL-homocysteine in the rat liver system, like the E. coli system, has no effect on the formation of aspartyltRNA, rather than inhibiting the function of leucyl-tRNA in the rat liver system DL-homocysteine, in fact, stimulates its formation. This result and similar observations on the formation of Leu-tRNA by other analogues is discussed elsewhere (Old & Jones, 1976) .
Phenylalanine analogues
The phenylalanine residue of the gastrin tetrapeptide can be replaced successfully by many analogues. 1976 These include hexahydrophenylalanine, p-nitrophenylalanine andp-fluorophenylalanine, all ofwhich yield tetrapeptide analogues with activity equivalent to that of the natural tetrapeptide. These analogues were assayed for their ability to inhibit phenylalanyltRNA formation in an E. coli and a rat liver system. It was also decided to examine the effect of these analogues on tyrosyl-tRNA formation because of the similarity of structure between phenylalanine and tyrosine, although it must be remembered that the aminoacyl-tRNA synthetases clearly distinguish between phenylalanine and tyrosine. Table 4 shows that L-p-fluorophenylalanine is a good inhibitor of phenylalanyl-tRNA formation, causing 93 % inhibition at an [analogue/amino acid molar ratio of 1000:1, and complete inhibition at a molar ratio of 10000:1. p-Fluorophenylalanine had no effect on the formation of tyrosyl-tRNA. L,Hexahydrophenylalanine was found to affect the formation of phenylalanyl-tRNA only at the highest analogue/amino acid molar ratio (10000:1), when 29% inhibition was observed. It had no effect on tyrosyl-tRNA formation. L-p-Nitrophenylalanine had no effect on either phenylalanyl-tRNA or tyrosyltRNA formation.
In the rat liver system as shown in Table 5 , p-fluorophenylalanine, and to a lesser extent hexahydrophenylalanine, inhibited the formation of phenylalanyl-tRNA. The former inhibited to an extent of 97 % at an analogue/amino acid molar ratio of 1000: 1, and completely at a molar ratio of 10000:1, whereas hexahydrophenylalanine inhibited only to the extent of 59 % at the highest ratio. These results are similar to those obtained in the E. coli system, which are shown in Table 4 .
None of the analogues inhibits the formation of tyrosyl-tRNA nor does p-nitrophenylalanine inhibit 7.4 9.5 6.4 5.5 9.7 1.1 25.9 * These values are somewhat low because half the usual amount of crude enzyme was used in these assays. phenylalanyl-tRNA formation. On the contrary, in each of these cases the presence of the analogue at the higher concentrations increases the extent of aminoacyl-tRNA formation. This is an effect similar to that of other analogues on the formation of leucyl-tRNA noted above.
Tryptophan analogues Among the analogues that are able to replace tryptophan in the gastrin tetrapeptide to yield fully active tetrapeptide analogues are 5-hydroxytryptophan and 5-methyltryptophan. These two analogues were tested in an E. coli and a rat liver system for their effect on the formation of tryptophyl-tRNA, and as a control, their effect on phenylalanyl-tRNA formation was also examined. As shown in Table 6 in the E. coli system neither of the analogues inhibited the formation of tryptophyl-tRNA or phenylalanyl-tRNA. However, as Table 7 shows a different result was obtained in the rat liver system. Here both 5-hydroxytryptophan and 5-methyltryptophan inhibited the formation oftryptophyl-tRNA, 5-hydroxytryptophan having a somewhat greater effect than the 5-methyl derivative. At an analogue/amino acid molar ratio of 1000: 1, 5-hydroxytryptophan gave 83 % inhibition and 5-methyltryptophan 25% inhibition, and at a 10000:1 molar ratio they inhibited tryptophyl-tRNA formation by 96 and 82% respectively.
Although for the greater part of this work our choice of analogues was guided by analogue work with the gastrin tetrapeptide, we also examined the affect of L-O-methylthreonine on the formation of isoleucyl-tRNA and threonyl-tRNA. Our interest in this analogue was aroused by results of Smulson & Rabinowitz (1968) , who reported that 0-methylthreonine inhibited both the rate and extent of isoleucyl-tRNA formation in the E. coli system, but only the initial rate in the rat liver. We are aware ofno other analogue which is reported to inhibit in this manner. Table 8 shows our results when L-O-1976 threonine was examined for its effect on the formation of isoleucyl-tRNA and threonyl-tRNA in an E. coli and a rat liver system in a manner similar to that described for the testing of the other analogues reported here. Although O-methylthreonine inhibits aminoacylation of tRNA in both the E. coli and rat liver system at the high analogue/amino acid molar ratios (103 and 104), at a molar ratio of 100: 1 inhibition only occurs in the E. coli system. As Smulson & Rabinowitz (1968) used an analogue/amino acid molar ratio of 80: 1 in their experiments, our results do not conflict with theirs. However, it appears that O-methylthreonine in the rat liver system does inhibit the extent as well as the rate ofisoleucyl-tRNA formation, but inhibition of the extent is seen only at high analogue/amino acid ratios. O-Methylthreonine inhibits the formation of threonyl-tRNA in both the E. coli and rat liver systems. Here, in contrast with the differences observed for the effect of this analogue on the isoleucyl-tRNA formation in the two systems, the inhibitory effects on threonyl-tRNA formation in the E. coli and rat liver system are found to be similar.
Discussion
The aminoacylation of tRNA involves three steps: (1) the binding of the amino acid and ATP to the enzyme (Allende et al., 1970) ; (2) the formation of an aminoacyl adenylate complex (Allende & Allende, 1971) ; (3) the release of pyrophosphate, and the interaction of the aminoacyl adenylate complex with tRNA.
We have sought to determine the structural features of the amino acid side chain which are recognized by its cognate aminoacyl-tRNA synthetase. To do this, the effect on the aminoacylation of tRNA by analogues that differ from the natural amino acid in sidechain structure has been examined.
The choice of analogues used may be made by several criteria, not least by related chemical structure to the natural amino acid. Our choice was guided in this way, but as an additional criterion we chose analogues that have been shown by Morley (1968) and his co-workers to be able to replace successfully amino acids in the 'binding' positions of the C-terminal gastrin tetrapeptide. In choosing these analogues we also sought to discover whether there was a similarity in the recognition of the analogues in the two systems. If this is so, it might indicate that when amino acid side chains are involved in recognition processes, even if they are in totally different environments and are interacting with different proteins, the same structural side-chain features are important.
Examination of the effect of the analogues was assayed by their ability to inhibit the extent of aminoacylation of the tRNA by its cognate amino acid.
This was chosen rather than the ATP/PPI-exchange Vol. 159 assay, which may be used to study the first two steps of the aminoacylation reaction, since in the latter assay, where a crude enzyme preparation is used, it is possible that the analogue may be interacting with more than one aminoacyl-tRNA synthetase, and this would complicate the interpretation of the results. There are three possible ways in which the analogue might beexpected to inhibit aminoacylation oftRNA: (a) reversible or (b) irreversible binding to the enzyme without covalent linkage to the tRNA, and (c) reversible binding to the enzyme followed by covalent linkage to the tRNA. (a) should affect the rate, but not the extent, of aminoacylation of the amino acid to its cognate tRNA, whereas (b) and (c) should affect the extent of aminoacylation of tRNA.
The results in Fig. 1 and similar results with the other analogues indicate that it is the extent of aminoacylation that is affected. In studies involving a different assay (J. M. Old & D. S. Jones, unpublished work) , it has been shown that the analogues described in the present paper inhibit aminoacylation of tRNA by mechanism (c).
Of the seven analogues listed for their effect on formation of methionyl-tRNA, two, ethionine and homocysteine, are found to be relatively good inhibitors; norleucine, norvaline and a-aminobutyric acid inhibit only poorly; S-methylcysteine and Sethylcysteine have no effect at all. Ethionine and norleucine are known to inhibit the growth of E. coli and are incorporated into protein in place of methionine (Richmond, 1962) . Further, these analogues have been known to substitute for methionine in the aminoacylation of tRNA in an E. coli system (Trupin et al., 1966) . Our results support these findings and would suggest that homocysteine can equally replace methionine. The results shown here also suggest that what has been found in E. coli holds equally true in rat liver.
Examination of the structures of the five analogues that inhibit methionyl-tRNA formation shows variation in the length of the side chain, so that for binding to take place at the enzyme site, size is not absolutely critical. The best two inhibitors, ethionine and homocysteine, have a sulphur atom in a position similar to that in methionine, whereas in the analogues that do not inhibit, namely S-methylcysteine and S-ethylcysteine, the sulphur atom is in a position nearer by one atom to the amino acid backbone. This suggests that there may well be a specific interaction between the sulphur atom and a group in a rigid position at the active site ofthe enzyme. A change in the position of the sulphur atom in the analogue prevents the analogue from adopting a position that presents the sulphur atom to its specific site and allows reaction of the amino acid carboxyl group.
Since the results obtained with these amino acid analogues in the rat liver system are essentially the same as those obtained with the E. coli system, it Santi & Danenberg (1971) , who showed that p-fluorophenylalaiWne supported ATP/PPj exchange in the presence of pure E. coli phenylalanyl-tRNA synthetase. Hexahydrophenylalanine only inhibited the formation of the phenylalanyl-tRNA poorly andp-nitrophenylalanine had no effect on the aminoacylation reaction. The difference in result between fluorophenylalanine and nitrophenylalanine suggests that the size of the side chain is important. A fluorine substituent is of similar size to that of hydrogen and is a permissible replacement. However, the replacement of hydrogen by bulkier substituents such as a hydroxyl g'oup (the natura amino acid tyrosine) or a nitro group is not permissible. Also it should be considered that both of these groups introduce a polarity into the side chain although with opposite mesomeric effects. The fnding that hexahydrophenylalanine inhibits to only a slight extent suggests that the planar shape and electron density of the benzene ring are important in the recognition of phenylalanine. Hexahydrophenylalanine possesses a cyclohexane ring that is not planar, nor does it possess an electron cloud.
These few results suggest therefore that for both the E. coli and the rat liver phenylalanyl-tRNA synthetases the parts of the enzyme involved in binding the amino acid are only able to recognize a non-polar planar benzene ring in the side-chain position of the amino acid. This conclusion is consistent with that of Santi & Danenberg (1971) , who, by using a wide range of analogues of phenylalanine in the ATP/PP1-exchange reaction, concluded that the benzene ring of phenylalanine is the primary site of recognition and also one of the two major binding loci (the other being the amino group).
The results obtained with analogues examined for their effect on the formation of tryptophyl-tRNA are distinguished from those described previously by the fact that differences are seen between the E. coli and rat liver systems. In the E. coli system it is found that neither 5-methyl-nor 5-hydroxy-tryptophan has any effect on the formation of tryptophyl-tRNA, and it therefore appears that the E. coli tryptophyl-tRNA synthetase is unable to accommodate additional groups in the indole-ring system. By contrast, however, the rat liver synthetase is able to accommodate the 5-hydroxyl group and to a lesser extent the 5-methyl group. These results would imply either that if the two synthetases are similar in structure at the amino acid recognition site the rat liver synthetase allows a looser fit, or that the recognition sites of the E. coli and rat liver tryptophyl-tRNA synthetases are not comparable.
As stated above, the choice of analogues in the present study was guided in part by successful replacement of amino acid residues by analogues in the gastrin tetrapeptide. A comparison of the results described in the present paper with those obtained for gastrin is summarized in Table 9 , which shows that it is difficult to draw comparisons. Indeed, some analogues that replace amino acids very well in the gastrin tetrapeptides are found to have no effect on the aminoacylation reaction, e.g. S-ethylcysteine, pnitrophenylalanine and 5-hydroxytryptophan (E. coli), whereas analogues such as homocysteine and 5-methyltryptophan (rat liver) show good inhibition of aminoacyl-tRNA formation but were less effective when substituted into the gastrin tetrapeptide. It appears, therefore, that the amino acid side chains are recognized in a different manner by the gastrinreceptor binding site and the synthetase binding sites.
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